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a b s t r a c t

Desalination of iron dextran solution containing a high salt content (≈18% NaCl (w/v)) by nanofiltration
(NF) was examined using three commercial nanofiltration membranes (NF270, Desal-5 DL, Nanomax50).
With these NF membranes, iron dextran was almost completely rejected, while salt rejection was so
small (Robs ≈ −2 to 1.5%) that salt ions could pass through the membranes easily. No irreversible fouling
was found for each membrane used and a distinct transmembrane pressure (TMP) drop appeared during
diafiltration at a flux of 15.5 L m−2 h−1 (20 ◦C). And the weakening of concentration polarization (CP) of
iron dextran was thought to be the possible reason for TMP drop. It was found that with the decrease of
salt concentration, the viscosity of solution decreased, thus enhancing the back transport of iron dextran
oncentration polarization
ack diffusion

molecules. As a result, the concentration of iron dextran at membrane surface and filtration resistance
could be reduced. However, this effect showed a little hysteresis due to the high viscosity of the feed,
the pump pulse or pause would counteract the hysteresis by promoting the molecule to redisperse. Flux
history had a strong influence on CP of iron dextran because of shear-enhanced diffusion. Furthermore,
the effect of flux, stirring speed, and temperature on CP of iron dextran was also examined in “total
recirculation” experiments. These results from the laboratory-scale tests could serve as valuable guide

stria
for process design in indu

. Introduction

Iron dextran is a well known therapeutic product for the prophy-
axis or treatment of iron-deficiency anemia, both in humans and
nimals [1,2]. It is a complex of ferric oxyhydroxide with dextrans
aving different molecular weight [2–5]. For some production pro-
esses [3], the crude products of iron dextran will contain 10–18%
w/v) sodium chloride (NaCl) because large amounts of sodium
ydroxide and hydrochloric acid are used in its production. Sub-
equent purification is usually carried out by means of alcohol
recipitation [3], which is not environment-friendly. Therefore, it is
ecessary to develop a cleaner process for separating iron dextran
nd salts.

Nanofiltration (NF) as a relatively new technique among the
ressure-driven membrane separation technologies is considered

o be cost and energy efficient along with improving product qual-
ty by operating under mild conditions. It was reported by many
esearch groups that NF could separate low molecular weight
olutes (e.g. glucose, saccharides, amino acid, and peptide) from

∗ Corresponding author. Tel.: +86 10 62650673; fax: +86 10 62650673.
E-mail address: yhwan@home.ipe.ac.cn (Y. Wan).

376-7388/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.memsci.2010.07.033
l production.
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inorganic salt solutions [6–10]. Moreover, the monovalent anions
could easily pass through the membrane at high salt concentration
[10–12], even the nominal monovalent salt rejection was often neg-
ative in mixtures of salts and large charged organic molecules or
mixed monovalent–multivalent salts [7,10,13–16]. Therefore, NF
technique is very attractive for desalination of products containing
high concentration salt.

However, a major limitation in applying NF process for indus-
trial fluids is the permeate flux decline due to concentration
polarization (CP) and fouling [17], especially for highly concen-
trated mixtures [18]. Considerable amount of research on CP and
fouling were made to control such flux decline. Previous reports
showed that flux decline could be dramatically decreased by car-
rying out NF below the critical flux or limiting flux [19,20], and
increasing the back transport of particles away from the membrane
by increasing the shear rate could lessen CP and fouling [21,22].
Moreover, solution composition (salt concentration, ion valence,
pH, etc.) could also affect flux decline in NF [23–27]. However, these

studies were all related to diluted solutions with low salt concentra-
tion (<2% (w/v)). Koyuncu et al. [18] found that cake layer formation
of dye was the main cause of flux decline at low salt concentra-
tion (0.1–2% (w/v)) while adsorption mechanism was dominant at
high salt concentration (4–8% (w/v)). Freger et al. [6] compared the

dx.doi.org/10.1016/j.memsci.2010.07.033
http://www.sciencedirect.com/science/journal/03767388
http://www.elsevier.com/locate/memsci
mailto:yhwan@home.ipe.ac.cn
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Table 2
Property of NF membranes examined.

Membrane NF270 Desal-5 DL Nanomax50

Manufacture DOW-Filmtec GE-Osmonics Millipore
Surface material Polyamide Proprietary

polyamide
Polyamide

Molecular weight cut-off 150–200 [29] 150–300 [29] 400 [30]

2.2.1. Series 1: diafiltration experiments
J. Luo et al. / Journal of Memb

bserved flux and the calculated flux based on a correction model,
o show that for a salt concentration lower than 4% (w/v), predic-
ions agreed with the measured values, but for more concentrated
olutions (>9% (w/v)), there was a marked difference between mea-
urement and calculation (>32%). Capelle et al. [11] also found that
or a high salt concentration (10% (w/v)), experimental results could
o longer be explained in terms only of osmotic pressure correction.
evertheless, the effects of salt on CP and flux decline in concen-

rated saline solution during NF were not further studied.
In this study, desalination of iron dextran (industrial fluids) by

F using a dead-end stirred cell module was investigated. In con-
rast to previous studies, the tests was performed under constant
ermeate flux conditions [28] since this ensured constant convec-
ive transport of solute and solvent towards the membrane. So the
ffects of CP and fouling could be observed in terms of increase
n transmembrane pressure (TMP). The focus of this work was to
iscuss the mechanisms of CP variation under high salt concen-
ration, and then to identify the suitable operation conditions to
lleviate the flux decline in desalination of iron dextran by NF tech-
ology. The outcome of the present work would be very useful in
he analysis of CP phenomenon and in development and applica-
ion of membrane process for desalination of iron dextran using
anofiltration.

. Materials and methods

.1. Feed solution and membranes

The feed solution used for experiments was the crude prod-
ct of iron dextran from a pharmacy plant in Nanning, Guangxi
rovince, China. Table 1 summarizes the characteristics of the
olution. Except for diafiltration tests, the NaCl concentration in
eed was adjusted by pre-diafiltration with deionized water as
iluent, while other contents in the feed were kept constant for
ll experiments. All deionized water and feed used in the tests
ere pretreated with a 0.45 �m microporous filter (MEMBRANA,
ermany). Three commercial NF membranes (NF270, Desal-5 DL,
anomax50) were used in the present study. Based on the manu-

actures’ data sheet and literature [29,30], the properties of these
F membranes are shown in Table 2.

.2. Experimental set-up and procedure

Fig. 1 illustrates the schematic diagram of the set-up for

anofiltration desalination experiment. The dead-end filtration
xperiments were conducted in a laboratory-constructed magnet-
cally stirred cell in diafiltration mode. The suspended bar impeller
length: 2 cm, diameter: 0.6 cm) inside the cell was magnetically
riven by a magnetic agitator (85-2, Shanghai Sile Instrument

able 1
haracteristics of iron dextran solution.

Characteristics Value

Solution density at 20 ◦C (g L−1) 1.203
Solution viscosity at 20 ◦C (mPa s) 3.8
pH 6.0
Solute concentration (g L−1)

NaCl 180
Iron dexran complex 165
Fe (total) 45

Molecular weight (g mol−1)
NaCl 58.55
Iron dextran complex 5000–7500a

Solvent Deionized water

a Measured by the manufacturer using high-performance gel permeation chro-
atography (HPGPC) method by a Class-LC10 System (Shimadzu, Japan) equipped
ith a Sephadex Column (OHpak SB, Shodex, Japan).
Lp (L m−2 h−1 bar−1) 20 ◦C 11–12a 4.5–5.5a 6.5–7a

Lp: pure water permeability.
a Our own measurement.

Plant, China). The stirring speed was monitored using a digital
optical tachometer (RM-1000, Prova Instruments Inc., China). The
gap between the impeller and the membrane was about 1.2 mm.
The working volume of the cell was 12.8 mL. It could be fitted
with a membrane disc having an effective diameter of 24 mm
within the module, with an effective membrane surface area
of 4.52 × 10−4 m2. The operating temperature was controlled by
water bath. Feed or deionized water was pumped at constant flow
rate into the filtration cell through a switching valve (V-7, Phar-
macia, Sweden) using a high-performance positive displacement
pump (P-500, Pharmacia, Sweden). When deionized water was
used as diluent, it was pumped into the cell directly. When salt
solution was used as diluent, it was diverted into an injection col-
umn (Superloop 50 mL, Pharmacia, Sweden) through a by-pass of
the switching valve, where a given volume of the salt solution was
pre-filled. The deionized water pumped continuously into the col-
umn would push the salt solution into the cell. The transmembrane
pressure (TMP) was continuously monitored by a pressure sen-
sor (MLH040BSB09A, Honeywell, USA) and the data were collected
automatically by a computer.

A fresh membrane was used for each series of experiments. The
membranes were soaked in the deionized water for at least 48 h
prior to use, and pre-pressured with deionized water until a con-
stant pressure (30 bar) was obtained. Then the membranes were
flushed with feed solution for 30 min to eliminate the effect of
the concentrated salt on membrane performance. All experiments
were performed in the constant volume diafiltration (CVD) mode
at constant flux. Before all experiments started, the cell was filled
with iron dextran solution (12.8 mL). Experiments were performed
in two series: the first series used deionized water as diluent and
the second, salt solution as diluent.
In this series, deionized water was pumped into the cell and
the salt concentration in feed decreased continuously. The vari-
ations of TMP as a function of V/Vf were recorded (V and Vf are

Fig. 1. Schematic diagram of the nanofiltration system. (1) Water tank; (2) pump; (3)
switching valve; (4) injection column; (5) pressure sensor; (6) thermostated stirred-
cell filter; (7) permeate tank; and (8) computer for data logging and processing.
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Table 3
Separation performance of NaCl in diafiltration of iron dextran by NF.a.

Flux (L m−2 h−1) NF270 Desal-5 DL Nanomax50

NaCl removal (%) Robs of NaCl (%) NaCl removal (%) Robs of NaCl (%) NaCl removal (%) Robs of NaCl (%)

8.85 26.79 1.04 27.64 −2.64 27.54 −2.16
11.06 26.42 1.42 27.86 −3.61 27.56 −2.46
13.27 26.76 1.13 27.98 −4.12 27.49 −1.48
15.49 26.85 1.46 27.64 −2.64 27.23 −0.54
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17.70 NA 1.96 NA

a NaCl removal and Robs were determined in the first 4.0 mL permeate (V/Vf = 0.31
0 min (V/Vf = 0.10).
b NA = not available.

he volume of deionized water and feed, respectively), and the
rst 4 mL (V/Vf = 0.31) permeate was collected in vials for anal-
sis to calculate the average rejection of solutes and the NaCl
emoval.

.2.2. Series 2: “total recirculation” experiments
In order to better understand concentration polarization in

igh salt concentration, “total recirculation” experiments were
arried out. Due to the limitation of the experimental set-up,
ermeate could not be recirculated into the cell, instead, NaCl
olution with the same concentration as the feed (also the per-
eate) was pre-filled in the injection column and injected into

he cell. Since iron dextran was rejected completely while NaCl
ould pass through the membrane easily, therefore, with this
pproach, the salt concentration in the cell was constant dur-
ng the experiment. In these experiments, NaCl concentration in
eed was adjusted by pre-diafiltration using NF270 membranes,
hile other contents in feed could be kept constant. The varia-

ions of TMP as a function of processing time were recorded in this
eries.

With this experimental set-up, the displacement pump would
roduce pulses regularly when the plunger reached the end of the
ylinder. To mimic this effect, the pump was intentionally paused
or about 1 s at different time intervals during NF operation. Using
hese pump pulses and pauses, some particular experiments were
erformed to examine the formation of CP.

To measure the irreversible fouling of each membrane, pure
ater permeability (Lp) of membranes had to be examined before

nd after each series of experiments.

.3. Analytical methods

The pH values and NaCl contents of the solutions were mea-
ured using an ionic meter equipped with pH and Cl− electrodes
PXSJ-216, Shanghai Precision & Scientific Instrument, China). Solu-
le solid was determined by measuring the weight loss after drying
amples at 105 ± 2 ◦C for 5 h in an oven. The content of Fe was deter-
ined by inductive couple plasma/optical emission spectroscopy

ICP–OES) (Optima 5300 DV, PerkinElmer, USA). The viscosity was
easured by a rheometer (L-90, Machine & Electricity Factory of

ongji University, China).

.4. Calculation methods

Salt removal (%) is represented as:

Cp · Vp
emoval (%) =
Cf · Vf

× 100 (1)

here Cp and Cf are the solute concentrations in permeate and in
eed, and Vp and Vf are the volumes of permeate and feed, respec-
ively.
−2.43 NA −2.51

t 17.7 L m−2 h−1), and Robs of NaCl at flux of 17.7 L m−2 h−1 was measured in the first

The average observed rejection (Robs) of solute by the membrane
is defined as:

Robs(%) =
(

1 − Cp

CR,av

)
× 100 (2)

where CR,av is the average concentration in the cell for a specific
operation period of time for sampling, that is, the average of the
solute concentrations in the cell at the beginning and that at the end
of collecting a given volume of permeate sample, while the solute
concentration (CR) in the cell at specific time (t) can be calculated
through mass balance:

CR = Cf Vf − cumulative solute mass in permeate
VO

(3)

where the cumulative solute mass in permeate can be obtained
by measurement of the volume and corresponding solute concen-
tration of the permeate samples collected, and VO is the working
volume of the stirred cell.

Irreversible fouling (IF) can be expressed as a comparison of the
values for pure water permeability observed before and after the
experiment [19].

IF(%) = Lpi − Lpf

Lpi
× 100 (4)

where Lpi and Lpf are the initial and final pure water permeability
respectively.

3. Results and discussion

3.1. Effect of permeate flux on TMP profile in desalination process

In order to identify the effect of permeate flux on desalination
efficiency, a series of diafiltration experiments (Series 1 defined
in Section 2.2) were carried out using different membranes, as
shown in Fig. 2. It can be seen that TMP was more or less constant
during diafiltration when flux was not more than13.3 L m−2 h−1,
and with increasing flux, TMP increased accordingly. This could
be attributed to the increased accumulation of iron dextran at
the membrane surface due to more severe concentration polar-
ization at higher flux. However, surprisingly, when flux increased
to 15.5 L m−2 h−1, TMP increased rapidly to reach a maximum
value much greater than that for lower flux and then dropped
remarkably till the values were close to the initial TMP. When flux
was 17.7 L m−2 h−1, TMP increased dramatically and surpassed the
upper pressure limit of the system within 15 min. Furthermore,
these variation trends seemed to be independent of membrane
properties.
The distinct rise of TMP for flux ≥15.5 L m−2 h−1 might be
explained in terms of the model of limiting flux and the formation of
gel layer in membrane filtration process [31,32]. In theses cases, the
gel-enhanced CP of NaCl [33] could also contribute to the TMP burst.
Meanwhile, a possible reason for the TMP drop observed was first
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Lp after filtration of the feed (IF < 0) was found for all membranes
(see Table 4), which could be attributed to membrane swelling
induced by high salt concentration [34]. To eliminate this poten-
tial effect, all membranes used for subsequent experiments were
flushed by feed solution for 30 min before nanofiltration exper-

Table 4
Calculated irreversible fouling for three NF membranes.a.

Membrane type IF

Filtration (6 h) Soakage (6 h)

NF270 −3.54% 1.76%
ig. 2. Variation of TMP as a function of V/Vf at different permeate flux (V is the
olume of diaflitration diluent). T = 20 ◦C; stirring speed = 1200 rpm.

upposed to be caused by the decrease of salt concentration dur-
ng diafiltration because the iron dextran was almost completely
ejected by the membranes employed in the tests (Robs ≥ 99.9%).
owever, the experimental results shown in Table 3 indicate that

or high salt concentration, flux had little effect on salt retention,
obs of NaCl being very low or even negative for Desal-5 DL and
anomax50, suggesting that the salt concentration in the perme-
te was nearly equal to that in the retentate. Although these Robs of
aCl were average values obtained for particular experiment peri-
ds, considering the wide TMP range and TMP profiles covered in

he experiments, the difference for Robs obtained under different
xperimental conditions with the same membrane was very small,
ncluding the period of stable TMP (for flux 8.85–13.3 L m−2 h−1,
/Vf from 0 to 0.31), the period of transition of TMP tendency
cience 363 (2010) 170–179 173

(for flux 15.5 L m−2 h−1, V/Vf from 0 to 0.31), and the period of
sharp rise of TMP (for 17.7 L m−2 h−1, V/Vf from 0 to 0.10). There-
fore, it could be concluded that salt transmission was not affected
by CP layer or membrane fouling and the contribution of the salt
to osmotic pressure difference under the experimental conditions
examined was negligible. This could also be confirmed by the slight
decrease of TMP at flux ≤13.3 L m−2 h−1 when the salt concentra-
tion was definitely decreasing during diafiltration. However, the
distinct decrease of salt concentration may result in a little increase
of membrane hydraulic permeability. This could be the reason why
a slight decrease of TMP appeared at flux ≤13.3 L m−2 h−1. Similar
results were also reported by Li and Elimelech [24] in nanofiltra-
tion of colloidal materials and natural organic substance using a
“loose”, low salt rejection NF membrane. They found that perme-
ate flux was independent of ionic composition when the total ionic
strength was the same and the flux decline during filtration was
mainly caused by membrane fouling. Therefore, the TMP profile at
high flux (≥15.5 L m−2 h−1) could not be explained successfully by
concentration polarization and osmotic pressure models. Perhaps,
for concentrated iron dextran solution containing high salt concen-
tration, there may exist a significant difference in CP and/or fouling
behavior at higher flux.

3.2. Determination of membrane fouling

In order to confirm whether irreversible fouling was the reason
for the sharp increase of TMP, pure water permeability was tested
before and after experiments for each membrane. The fouling tests
(dynamic filtration and static sorption) were performed for quite
a long time (6 h). The dynamic filtration tests were carried out in
a normal diafiltration mode (Series 1), while in the static sorption
tests, NF membranes were immersed in iron dextran solution. The
main difference was that for the former, only the skin layers of the
membranes contacted iron dextran molecules, and for the latter,
iron dextran molecules could contact the membranes via both the
skin layer and support layer. By measuring the pure water per-
meability of the membrane before and after filtration or soaking
experiment, respectively, the irreversible fouling for the membrane
could be evaluated. Table 4 shows the calculated irreversible foul-
ing for three membranes according to Eq. (4). The results show that
no irreversible fouling was found for all membranes after filtra-
tion, and after soaking in the feed solution for 6 h the membranes
were very slightly fouled. Fig. 3 represents the skin layer images
of membranes after filtration and soaking in feed solution. From
Table 4 and Fig. 3, it could be concluded that although quite a lot of
the iron dextran molecules adsorbed at support layer, the skin layer
of these membranes showed an excellent anti-fouling performance
for the iron dextran solution.

In nanofiltration of iron dextran solution, a slight increase of
Desal-5 DL −0.44% 3.89%
Nanomax50 −0.31% 6.07%

a Filtration was carried out at a flux of 15.5 L m−2 h−1 for 6 h (T = 20 ◦C, stirring
speed = 1200 rpm); static soakage was performed by immersing the membranes in
feed for 6 h (T = 20 ◦C).
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ig. 3. Observation of membranes’ skin layer after filtration or soaking in feed solu-
ion. (a) After 6 h filtration of feed solution; (b) after 6 h soaking in feed solution;

embranes order from the top down: NF270, Desal-5 DL, Nanomax50.

ments started. Therefore, it is worth further investigating the
elationship between CP and TMP during nanofiltration of iron dex-
ran solution.

.3. Determination of concentration polarization (CP)
.3.1. Concentration polarization (CP) in diafiltration experiments
An interesting phenomenon was found accidentally that, occa-

ionally though not always, pump pulse formed when the plunger
f the pump reached the end of the cylinder had a great effect on
MP profile at certain time during diafiltration, as shown in Fig. 4. In

ig. 4. Effect of pulse on TMP profile during diafiltration with NF270.
lux = 15.5 L m−2 h−1; T = 17 ◦C; stirring speed = 1200 rpm.
Fig. 5. Effect of pump pause (or pulse) and salt concentration on TMP profile during
diafiltration with NF270. ©: artificial pause; �: pump pulse; flux = 15.5 L m−2 h−1;
T = 20 ◦C; stirring speed = 1200 rpm.

the case of deionized water filtration, the pump pulse would pro-
duce instantaneous pressure releases regularly then TMP would
recover immediately. But for batch 1 shown in Fig. 4, when puls-
ing at about V/Vf = 0.23 TMP decreased vertically and reached a
steady state in several minutes, then decreased again as shown
Fig. 2. However, for batch 2, when V/Vf was greater than 0.5,
the decrease of TMP by pump pulse recovered in a short time.
Again, the initial rapid increase in TMP could be due to concen-
tration polarization alone since membrane fouling was negligible
in nanofiltration of iron dextran solution, as discussed in above
section, while the TMP drop caused by pump pulse could be due
to the re-distribution of CP by pulsing. It is interesting to notice
that the TMP drop varied with the number of diavolumes (V/Vf),
and the TMP did not go back when flux was resumed in some
cases.

To further examine the effect of pump pulse on TMP profile,
the pump was intentionally paused for about 1 s at different time
interval in nanofiltration operation. Fig. 5a shows the TMP profile
during diafiltration of iron dextran solution when pump pause or
pulse occurred at different diafiltration stages. The first pause, at
V/Vf = 0.05, did not much affect TMP, the second pause at V/Vf = 0.14,
produced a decrease of about 2 bar, while at V/Vf = 0.64, the decrease
of TMP by pump pause recovered in a short time. This suggests that
in the earlier stage of diafiltration, concentration polarization could
not be interfered by pump pause until it was maximized under the
specific experimental conditions, after that the pump pause would
result in TMP drop, but with increasing the number of diavolumes
(V/Vf), TMP drop after resuming permeate flux decreased and finally
disappeared. Given the fact that in diafiltration of iron dextran solu-
tion, the concentration of iron dextran in the cell would not change,

the only variable was NaCl concentration, it could be concluded that
CP in diafiltration of iron dextran could be significantly affected by
NaCl concentration.

To study the effect of salt concentration on CP, NaCl concen-
tration in retentate during diafiltration should be determined.
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ig. 6. Effect of pause or pulse on TMP profile in “total recirculation” process
ith NF270. ©: artificial pause; �: pump pulse; salt concentration = 150 g L−1;
ux = 15.5 L m−2 h−1; T = 20 ◦C; stirring speed = 1200 rpm.

herefore, a simple model was proposed based on transient mass
alance:

f dC = −Cp dV (5)

Supposing that rejection was constant, substituting Eq. (2) into
q. (5), with the boundary condition of C = Cf at V = 0, and integration
ield,

R = Cf exp

[
(Robs − 1)

V

Vf

]
(6)

here C is the concentration of NaCl and V is the volume of diafil-
ration diluent.

Fig. 5b represents the TMP and NaCl concentration profiles in
iafiltration without pause. It clearly shows that both TMP and NaCl
oncentration decreased during diafiltration except for the initial
tage during which a rapid increase in TMP occurred. This con-
rmed that salt concentration indeed affected CP in diafiltration
f iron dextran.

In summary, based on above-mentioned experimental results, it
ould be concluded that (1) Because of low salt rejection for NF270,
ecrease in osmotic pressure due to decrease in salt concentration

n retentate would not lead to a significant TMP decline. (2) Pump
ulse or pause could accelerate the decrease of iron dextran concen-
ration in the CP layer and counteract the hysteresis by promoting
he molecules to redisperse. When salt concentration decreased to
certain value, the CP layer became stable, which could recover

uickly after pump pulse or pause.

.3.2. Concentration polarization (CP) in total recirculation
rocess

To examine the effect of salt concentration on CP during fil-
ration of iron dextran solution, “total recirculation” experiments
Series 2 defined in the Section 2.2) were performed. In these
xperiments, the diluent was NaCl solution with the same con-
entration in feed, and relatively high flux (15.5 L m−2 h−1) was
dopted. Fig. 6 shows TMP profiles during “total recirculation”
rocess with and without pump pause. With constant salt con-
entration, the iron dextran concentration in the CP layer was
ncreased continuously to induce increase of TMP during filtration if
o pump pause was applied, while regular pump pause could con-
rol TMP not exceeding a particular value, suggesting that pump
ause or pulse could strengthen redispersion of the CP layer and

eaken CP (decrease TMP), thus providing an simple and effective
ay for CP control and manipulation. However, unlike diafiltra-

ion, TMP increased again as pumping resumed. Fig. 7 shows TMP
rofiles during nanofiltration of iron dextran solution with dif-
erent salt concentrations. Again, since NaCl could pass through
Fig. 7. Effect of salt concentration on TMP profile in “total recirculation” process
with NF270. Flux = 15.5 L m−2 h−1; T = 20 ◦C; stirring speed = 1200 rpm.

the membrane almost without retention and no irreversible foul-
ing was found, higher TMP would indicate higher concentration
of iron dextran in the CP layer or greater thickness of gel layer if
any. With increasing NaCl concentration, TMP increased and the
wall concentration and thickness of iron dextran increased accord-
ingly. When NaCl concentration was up to 150 g L−1, the TMP kept
increasing with time, suggesting severe CP and continuous iron
dextran accumulation in the CP layer or even the formation of gel
layer (if so, gel-enhanced CP of NaCl could also contribute to the
increase of TMP [33]). When the NaCl concentration was 120 g L−1,
the TMP increased slightly, then decreased and stabilized after
about 45 min, but for 90 g L−1NaCl solution, the TMP stabilized
rapidly, suggesting stabilized CP layer would form. Nevertheless,
a slight decrease in TMP was found for many “total recirculation”
experiments (see Fig. 7), the reason behind needs further inves-
tigation. The experimental results shown in Figs. 6 and 7 further
confirm that salt concentration had a significant effect on the for-
mation of the CP layer and on TMP profile under the conditions
examined.

3.3.3. Concentration polarization (CP) in concentrated saline
solution

Concentration polarization (CP) was widely described in the
literature by the film theory [31]: solute and solvent are carried
to the membrane surface by convective transport, where the sol-
vent easily passes through the membrane and the retained solute
induces local concentration to increase; meanwhile, the rejected
solute diffuses back into the bulk solution due to the resulting con-
centration gradient. A solute mass balance in the boundary layer
under steady state, with the film hypothesis [31], can be written
qualitatively:

JvC = D
dC

dy
+ JvCp (7)

where Jv is the permeate flux, and D is the diffusion coefficient of
the solute in the solvent.

In the present study, membrane fouling was negligible, the
observed salt rejection was very low and stayed relatively con-
stant during desalination of iron dextran, while iron dextran was
completely retained, therefore, the TMP profile mainly reflected the

wall concentration of iron dextran and the thickness of CP layer. As
described in Eq. (7), in a constant flux membrane filtration, the for-
mation of CP boundary layer depends on back diffusion transport,
and the diffusion coefficient of solutes is influenced by viscosity
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ig. 8. Variation of viscosity as a function of diafiltration volume.
lux = 15.5 L m−2 h−1; T = 20 ◦C; stirring speed = 1200 rpm.

32,35] as follows.

= D0
T

To
× �0

�
(8)

here T is the temperature and � is the solution viscosity.
It was found that the viscosity of iron dextran was affected

y salt concentration, that is, the solution viscosity increased
ith increasing salt concentration, as shown in Fig. 8. In these

xperiments, diafiltration was performed for different duration,
nd the viscosity and the salt concentration of the retentates
ere examined respectively. Iron dextran solution with lower salt

oncentration had lower viscosity, resulting in higher diffusion
oefficient and more iron dextran molecules in the CP layer dif-
using back into the bulk solution. As a result, lower filtration
esistance was induced. This mechanism would well interpret the
ecrease of TMP during diafiltration and the results shown in Fig. 7
t a constant flux mode.

Due to the negligible contribution of salt to osmotic pressure
ifference across the membrane in this work (see Section 3.1),
esistance model could be proposed to analyze the CP layer of iron
extran mathematically.

v = TMP
�(Rm + Rcp + Rif )

(9)

here Rm is the intrinsic membrane resistance, Rcp is the resis-
ance due to CP, Rif is the resistance due to irreversible fouling (e.g.

embrane pore plugging).
In this study, iron dextran molecules did not adsorb at the skin

ayer of the NF membranes and membrane pore plugging did not
ccur (see Section 3.2), so the resistance due to irreversible foul-
ng (Rif) was negligible. Using the definition of “apparent” total
esistance, following equation can be obtained:

′
t = TMP

�Jv
(10)

here R′
t is the total resistance containing Rm and Rcp.

From Eqs. (9) and (10), it is much easier to conclude that
ith increase of salt concentration, on the one hand, membrane
ydraulic resistance increased due to the augment of solute con-
entration, and on the other hand, CP of iron dextran became more
evere due to the decline of diffusion coefficient, and therefore
ncreasing the total resistance (see Fig. 7). From Fig. 6, it can be

een that pump pause can alleviate CP of iron dextran and decrease
he total resistance.

The mechanism that salt concentration affects viscosity of solu-
ion and CP layer might be as follows: in a highly concentrated

ixture, increase of salt ions would reduce the activity of water, by
Science 363 (2010) 170–179

capturing the hydration water around the iron dextran molecules
(salting-out) [36,37]. That is, there was a partial dehydration of
iron dextran molecules in the presence of these ions because water
would preferentially solvate ions, thus leading to thinning of the
hydration layer around the iron dextran molecules, decreasing the
effective size of iron dextran [23] and increasing the hydrophobic
interaction between molecules [38], and therefore enhancing the
viscosity of the solution. Otherwise, the increase of hydrophobic
interaction between molecules and the screen of charge repulsion
between ionized functional group on iron dextran molecules (the
charge from Fe ions) would make CP layer much thicker and more
compact, resulting in higher resistance of CP layer. These interpre-
tations could be well confirmed by the research results reported by
Kilduff et al. [23], where they verified that higher ionic strength
decreased molecule size of organic matter and also made NOM
(naturally-occurring dissolved organic matter) cake layer more
compact.

According to the model of limiting flux described elsewhere
[31,32], the convective and back diffusion mechanisms would be
not balanced when the solute concentration at the membrane
surface surpassed certain limiting value (like the value of the
“gelling” concentration). Therefore, the continuous increase of TMP
at CNaCl = 150 g L−1 might be due to the flux of 15.5 L m−2 h−1 at the
conditions described in Figs. 6 and 7 being greater than the limiting
flux for the specific experimental conditions. Thus, the enhanced
accumulation of the iron dextran molecules increased the viscos-
ity in the CP layer (� = �0exp(�C) [32]), which in turn, reduced the
back diffusion rate of the iron dextran [32,35], causing the further
increase of the wall concentration of iron dextran and consolidation
of CP layer, thus increasing total resistance and TMP were observed
in a constant flux. Actually, iron dextran solutions with different salt
concentrations are expected to have different limiting flux due to
the difference in physiochemical properties of the solutions (e.g.
viscosity, diffusion coefficient).

3.4. Effect of process parameters on concentration polarization
(CP)

The experimental results shown above demonstrate that in
desalination of iron dextran solution, CP was strongly affected by
salt concentration, permeate flux and pump pulse or pause in highly
concentrated mixture. Furthermore, CP would have negative effect
on the desalination efficiency. Therefore, in order to control CP and
decrease operating pressure during desalination of iron dextran,
the effect of process parameters on CP was investigated systemat-
ically.

3.4.1. Effect of flux history on concentration polarization (CP)
It was reported that flux history could significantly affect

TMP profile [28,39,40]. Fig. 9 shows the TMP as a function
of time for two modes of “total recirculation”. In these two
NF runs, the membranes were exposed to same flux for same
duration. The only difference was the flux order membranes expe-
rienced. In Fig. 9, TMP decreased with decreasing flux in the first
run (15.5 → 13.3 → 11.1 → 8.85 L m−2 h−1), somewhat hysteretic
as compared to that of the second run (8.85 → 11.1 → 13.3 →
15.5 L m−2 h−1). At flux of 15.5 L m−2 h−1, quite stable TMP pro-
file was obtained in the second run but not in the run of reverse
order, moreover, TMP for the first run was 48.6% greater than that
for the second run at this flux. Using Eq. (10), the R′

t in different
flux was calculated to evaluate the effect of flux history on CP.

As shown in Table 5, for the first run, apparent total resistance
was stable from 8.85 to 11.1 L m−2 h−1, but for the second run, it
could keep constant even when the flux increased to 13.3 L m−2 h−1.
As we know, for the same flux and feed, the difference in total
resistance was attributed to the CP variation, therefore, only when
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Fig. 9. Effect of flux history on CP for two modes of “total recirculation” pro-
cess with NF270. (1) Flux = 8.85 L m−2 h−1; (2) 11.1 L m−2 h−1; (3) 13.3 L m−2 h−1; (4)
15.5 L m−2 h−1; salt concentration = 150 g L−1; T = 20 ◦C; stirring speed = 1200 rpm.

Table 5
Calculated “apparent” total filtration resistance in different flux history.

Flux (L m−2 h−1) 8.85 11.1 13.3 15.5

r
T
e
a
l
c
w
l
l
t
o
c
e
l

3
(

t
w
1

F
(
(

stirring speed, Re number increased and the shear-enhanced back
R′
t

(×1014 m−1) First run 0.97 1.03 1.18 1.90
Second run 1.02 0.96 1.03 1.28

elatively high fluxes were applied, flux history would affect CP.
hese effects could be explained as follows, as discussed by Chen
t al. [39]: the back transport could include concentration diffusion
nd shear-enhanced diffusion. At high, directly imposed flux, a CP
ayer with high concentration of iron dextran rapidly formed and
ould become a consolidated layer. The shear-enhanced diffusion
as weakened greatly by the high viscosity. But at low flux the CP

ayer would be of lower concentration and more labile, and this
abile polarized layer would be more likely to flow backwards due
o shear. As flux was gradually increased, the convective build-up
f CP layer would be more effectively alleviated not only by con-
entration diffusion but also by shear-enhanced diffusion. This may
xplain why TMP at flux of 15.5 L m−2 h−1 for the second run was
ower than that for the first run.

.4.2. Effect of salt concentration on concentration polarization

CP)

Using “total recirculation” mode, the effect of salt concentra-
ion on CP was examined by consecutive experiments that flux
as changed in steps from 8.85 → 11.1 → 13.3 → 15.5 → 17.7 →

9.9 L m−2 h−1. As shown in Fig. 10, at the same flux, higher salt

ig. 10. Effect of salt concentration on CP in “total recirculation” process with NF270.
1) Flux = 8.85 L m−2 h−1; (2) 11.1 L m−2 h−1; (3) 13.3 L m−2 h−1; (4) 15.5 L m−2 h−1;
5) 17.7 L m−2 h−1; (6) 19.9 L m−2 h−1; T = 20 ◦C; stirring speed = 1200 rpm.
Fig. 11. Effect of stirring speed on CP in “total recirculation” process with NF270. (1)
Flux = 8.85 L m−2 h−1; (2) 11.1 L m−2 h−1; (3) 13.3 L m−2 h−1; (4) 15.5 L m−2 h−1; (5)
17.7 L m−2 h−1; (6) 19.9 L m−2 h−1; (7) 22.1 L m−2 h−1; (8) 24.3 L m−2 h−1; T = 20 ◦C;
salt concentration = 150 g L−1.

concentration gave higher TMP and this effect was more severe in a
higher flux. The concentration of iron dextran at membrane surface
depended on the back diffusion coefficient at constant flux mode,
as shown in Eq. (7), while diffusion coefficient was closely related
with the viscosity (see Eq. (8)) [32,41]. When the salt concentra-
tion increased, the viscosity of solution became higher (Section
3.3.3). Therefore, TMP went up due largely to the increase of the Rcp

caused by higher iron dextran concentration in the CP layer formed
at membrane surface. Moreover, the higher salt concentration also
resulted in lower permeability of the membrane and greater Rm,
and thus increasing the TMP.

3.4.3. Effect of stirring speed on concentration polarization (CP)
Similar experimental procedures as Section 3.4.2 were per-

formed to investigate the effect of stirring speed on CP. As shown
in Fig. 11, with the increase of stirring speed, TMP decreased due to
the decline of Rcp. Similar results were also reported by Wan et al.
[42] in separation of lysozyme from chicken egg white by ultrafil-
tration. Using equation Re = ωr2/v referred by Opong and Zydney
[41], where ω is the stirring speed, r is the radius of the stirred cell, v
is the kinematic viscosity, and Re is the Reynolds number for differ-
ent stirring speed. From Fig. 11, it can be seen that with increase of
diffusion strengthened, and therefore both the iron dextran con-
centration within the CP layer and the thickness of CP decreased.
As a result, lower TMP at a constant flux was obtained.

Fig. 12. Effect of temperature on CP in “total recirculation” process with NF270. (1)
Flux = 8.85 L m−2 h−1; (2) 11.1 L m−2 h−1; (3) 13.3 L m−2 h−1; (4) 15.5 L m−2 h−1; (5)
17.7 L m−2 h−1; (6) 19.9 L m−2 h−1; (7) 22.1 L m−2 h−1; (8) 24.3 L m−2 h−1; salt con-
centration = 150 g L−1, stirring speed = 1200 rpm.
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Nomenclature

C concentration of solute in boundary layer (g L−1)
Cf concentration of solute in feed (g L−1)
CR concentration of solute in retentate (g L−1)
CR,av average concentration in retentate (g L−1)
Cp concentrations of solute in permeate (g L−1)
D diffusion coefficient (m2 s−1)
Jv permeate flux (m s−1)
Lpi, Lpf pure water permeability before and after the exper-

iment (L m−2 h−1 bar−1)
r radius of stirred cell (m)
Re Reynolds number
Robs average observed rejection (%)
Rcp filtration resistance due to CP
Rif filtration resistance due to irreversible fouling
Rm intrinsic membrane resistance
R′

t “apparent” total filtration resistance (m−1)
T temperature (K)
TMP transmembrane pressure (bar)
V volume of diafiltration diluent (mL)
Vf volume of feed (mL)
VO volume of stirred cell (mL)
Vp volume of permeate (mL)

Greek letters
� solution viscosity (N m s−2)
� constant in viscosity–concentration relationship (−)
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� kinematic viscosity (m2 s−1)
ω angular velocity (rad s−1)

.4.4. Effect of temperature on concentration polarization (CP)
Fig. 12 shows the effect of temperature on CP in different flux.

enerally, diffusion coefficient would increase with the increase of
emperature, thus back transport would be enhanced and the con-
entration gradient of solutes in the CP layer would be decreased.
urthermore, the viscosity of solution would decrease when tem-
erature increased, as a result, CP would be relieved. Moreover, at
igher temperature, water and salt would pass through the mem-
rane more easily due to the decreased Rm. Therefore, the total
ltration resistance descended, thus decreasing TMP at a constant
ux.

. Conclusions

This work demonstrated that desalination of iron dextran by NF
ould be a viable process, but severe concentration polarization at
igh flux might limit its application. The extraordinary behavior
f TMP variation found in nanofiltration of iron dextran with con-
entrated saline solution was interpreted by the viscosity effects
t different salt concentration. The findings could not only provide
nderstanding of concentration polarization in highly concentrated
aline solution, but also offer valuable guides for process design
nd development in industrial application. The main findings were
ummarized as follows:

1) NF270, Desal-5 DL, Nanomax50 were not fouled irreversibly
in filtration of iron dextran, but severe concentration polariza-
tion of iron dextran was found during diafiltration at higher salt

concentration. The decrease of TMP during diafiltration with
membranes of low salt rejection was caused by the decrease of
concentration polarization of iron dextran.

2) The viscosity of iron dextran solution was affected by salt con-
centration. It decreased with decreasing salt concentration. The

[

[
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TMP variation or the behavior of concentration polarization
during nanofiltration of iron dextran could be attributed to the
viscosity effect resulting from salt concentration.

(3) Concentration polarization during nanofiltration of iron dex-
tran could be more or less controlled and manipulated by
regular pump pause or pulse, thus providing a simple and effec-
tive way for alleviating concentration polarization.

(4) Concentration polarization was affected by flux history because
of shear-enhanced diffusion. The operation that was first
exposed to lower permeate flux had less tendency to polarize
at subsequent higher flux. High stirring speed and temperature
could effectively alleviate concentration polarization and favor
operation at higher permeate flux.
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